Abstract. The iron and steel industry is one of the major industries for developing countries, and it is ranked as one of the industrial sectors that have the highest energy consumption. It is also served as a primary industry that provides materials to secondary industries as well. This present study focuses on a slab, a product from a steelmaking process, which will be sent to a hot-rolling mill to form a final product. Before the rolling process, slab is heated to a proper temperature by charging into a reheating furnace. Heat is generated by a combustion process from direct-fired burners. In general, heat loss from the reheating furnace occurs by several mechanisms including the flue gas loss. Although a recuperator is used to reduce heat loss by recovering some of that to preheat the combustion air, the exit flue gas temperature is still as high as 350-450C. This research paper aims for the investigation of the energy efficiency resulted from the implementation of a slab preheating chamber before charging into a reheating furnace. Four different sizes of the preheating chamber are selected as the case studies for the energy analysis. Another consideration includes the acid dew point of the flue gas as the lowest criteria for the flue gas temperature. The result indicates that the flue gas temperatures are above the acid dew point for all four cases under consideration. The slab temperatures increase from the ambient temperature of 30 o C to 59.52 o C, 75.98 o C, 84.98 o C and 89.46 o C, respectively, before begin charged into the reheating furnace. As a result, the fuel energy consumption after the implementation of the reheating chamber is reduced by 0.94%, 1.46%, 1.75% and 1.89%, respectively comparing to the furnace without the reheating chamber. The reheating furnace efficiency also increases from 69.88% to 70.54%, 70.92%, 71.13% and 71.22%, respectively.
Introduction
Iron and steel industry is one of the major industries for developing countries because it is a primary industry that provides raw materials for a secondary one such as automotive, food, electronic industries. It can be divided into 3 sections, an upstream section industry which produces a raw steel product, a middle stream section which produces a semi-finished steel product and a downstream section which produces a finish steel product that we will focus on. This present study focuses on a slab, a product from a steelmaking process, which will be sent to a hot-rolling mill to form a final product. Before the rolling process, a slab must be heated to a proper temperature of 1100-1250°C in a reheating furnace. Heat is generated by direct combustion from fuel resulting in the flue gas as a product of combustion. A reheating furnace is divided into 3 zones: preheating, heating, and soaking zones. The preheating zone is a place where hot flue gas transfers heat to the slab by a counter flow manner. The heating zone is used to continuously heat the slab to a desired temperature whereas the soaking zone is used to supply enough heat to make slab temperature uniform. The flue gas after the combustion process can reach temperature up to 800°C, which still contains a large amount of thermal energy. A favorite method of utilizing this waste heat from the flue gas is by using a recuperator to preheat the combustion air to 300-400 o C. With a very high efficient device such as recuperative burners, it can raise the combustion air temperature up to 1000 o C [1, 2] .
From the studies of Jiang et al. [3] and Chen et al. [4] , it is found that the flue gas temperature after leaving a recuperator is still at approximately 350-450°C. Therefore, the idea is to utilize the remaining energy in the flue gas to heat slabs before charging them into a reheating furnace in order to save more energy. A study of Minxing et al. [5] shows that from the numerical prediction, Biot number of a billet is 0.03 which is less than 0.1. Therefore, the lumped capacitance method is valid to calculate temperature profile of the billet. From his calculation by 1.48 hours, the temperature of the billet rises from 3.5°C to 315°C with flue gas temperature of 815°C, and this preheat method can save energy by 278.12 kJ/kg. This can be converted to the cost saving of $215,086 per year with a capital cost of $1,250,000 and 3 years of the payback period. From a study of Shamanian and Najafizadeh [6] on hot and warm charging process, it is found that every 100°C increase of preheat temperature of steel before loading in to a furnace can save 80-120 kJ/kg of energy. It is reported from a study of Ross [7] that 20 percent of hot charge slabs at 600 o C leads to the energy reduction by 7 percent. A batch-type preheating device is also found useful for a glass furnace [8] . The charged material can be heated up to 350 o C depending on the condition of the flue gas.
This present study focuses on the energy saving from the preheated slab by the flue gas. The objective is to determine the mass and heat balance of the reheating furnace by the field data to determine the slab and flue gas temperatures. A heat balance model of the preheating chamber with is developed. The energy efficiency after the implementation is investigated for four different cases based on the sizes of the chamber.
Reheating Furnace
In this present study the reheating furnace has a capacity of 275 tonne/hr and uses fuel oil for combustion. The furnace is a walking heart type furnace with the preheating, heating and soaking zones as shown in Fig.  1 . A number of burners in each of these three zones are eighteen, eighteen, and forty five, respectively. The inner size of the furnace is 12,650x42,000 mm. This furnace operates 24 hours a day. The average dimension of the charged slab is 250x1260x9240 mm with the weight of 22.88 tonne per each slab. The heat source for a reheating furnace originates from combustion of the fuel. A complete combustion takes place when there is the proper ratio between oxygen and fuel, namely a stoichiometric combustion, is provided. For fuel oil, the composition and its properties are listed in Tables 1 and 2 [9] . On the other hand, the oxidizer for combustion process is air which is composed of 79 percent of nitrogen and 21 percent of oxygen. 
In practice, the stoichiometric combustion cannot be achieved due to the limitation of the air-fuel mixing and combustion time [10] . Therefore, additional air must be provided to guarantee that the unburned fuel no longer remains in the combustion process. A variable representing the amount of this extra air during the combustion process is called λ, which is defined as the actual air-fuel ratio to the stoichometric one as shown in Eq. (2). 
From Eq. (1), if λ is set to unity, it means that combustion process takes place at the stoichiometric condition. As a result, the value of stoic n can be determined by the chemical equation balance based on the fuel composition. In case of fuel oil, the value of stoic n is equal to 0.5402 kmolO2/kmolfuel. On the other hand, if λ is greater than unity, the combustion process takes place with excess air. In practice, λ can be determined by measuring the percent of oxygen in the flue gas by an oxygen sensor. The relation between the mole fraction of oxygen on wet basis and the value of λ can be expressed in Eqs (3) and (4) as follow: 
Mass and Heat Balance of The Furnace
In this study, the mass and heat balance of the reheating furnace can be performed based on the data obtained by the field measurement.
Mass Balance
The fuel mass flow rate is obtained by the direct measurement of the fuel flow meter. The volume flow rate of the combustion air is measured directly from the orifice plate and the pressure transmitter. The unit of the volume flow rate provided by the measuring device is Nm 3 /hr. Thus, the air density at the normal condition of 1.293 kg/m 3 is used to convert the volume flow rate to the mass flow rate. The output mass flow rate of flue gas is the consequence of the mass balance by combining the fuel mass flow rate with the air one under the assumption of no leak between the furnace and its surrounding. 
Heat Balance of the Reheating Furnace and the Recuperator
Since the furnace and the recuperator is operated under the steady state condition, the heat balance of both can be combined and presented in a Sankey diagram [11, 12] 
Calculation Methodology
The operation of the preheating chamber related to the reheating furnace is depicted in Fig. 3 . This preheating chamber is a batch-type one, which can be used in many types of industrial furnaces [13] .
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The number of slabs fed into the preheating chamber will relate to the plant production rate of 200.2 tonne/hr, which is equivalent to the production rate of 9 pieces of slab per hour. For example, if the maximum capacity of the preheating chamber per one batch is 9 pieces, the batch time will be less than an hour due to additional transportation time between the furnace and the chamber itself. This transportation time is estimated to be 25 percent of the furnace production time. Thus, in case of 9 pieces of slab in the preheating chamber, the production time will be one hour with the transportation time of 15 minutes and the batch time of 45 minutes. In this study, the capacity per one batch of the preheating chamber is selected to be 9, 18, 27 and 36 pieces with the batch time of 45, 90, 135 and 180 minutes, respectively, and the transportation time will be calculated in the similar manner. When the preheating process is finished, all slabs must be conveyed out of the preheating chamber and wait until being charged into the furnace. Thus, the temperature of the preheated slabs will decrease due to the heat loss to the environment during the waiting period. Note that each preheated slab has different waiting period such that the preheated slab located nearest to the furnace charge door will have the shortest waiting period.
The design calculation of the batch-type preheating chamber consists of three parts. The first one is the increase of slab temperature during the batching period. The second one is the calculation of the temperature reduction during the waiting period. The last one is the prediction of acid dew point since the existence of sulfur in fuel oil.
Slab Temperature During the Batching Period
For the slab-temperature calculation, the slab is placed in the preheating chamber as depicted in Fig. 4 . The flue gas is allowed to pass through both sides of the slab surfaces. The calculation is performed by selecting two small control volumes: the upper control volume contains the flue gas flow above the slab surface. The lower control volume contains a half of the slab since the flow of the flue gas is symmetry on both sides of the slab as shown in Fig. 4 . At the initial time, the heat transfer between the upper control volume and the lower one is calculated at the first slab at the front of the chamber, causing the increase of the slab temperature. Next, the reduction of the flue gas temperature of the upper gas control volume is estimated. The repeated calculation is performed by marching along the x-axis to the last slab at the rear of the chamber. The overall procedure is repeated again to the next time step until the final time is reached. It should be noted that the Biot number of the slab is calculated to be 0.03, which is less than 0.1, leading to the validity of the lumped capacitance approach. The heat transfer of the flue gas can be calculated by assuming the internal flow through a rectangular slot. The Reynolds number based on the hydraulic diameter of the rectangular slot can be determined.
The value of  of the flue gas is approximated by 0.5215 kg/m 3 and μ is approximated by using the viscosity of air at the same temperature. The mean velocity, U, is calculated by the mass flow rate of the flue gas given by Table 3 divided by the slot cross-sectional area of 0.25x10 m 2 . The convective heat transfer coefficient and the friction factor of the flue gas are given by Eq. (5) 
Slab Temperature During the Waiting Period
Because of the validity of the lumped capacitance method, the temperature profile of the slabs due to heat loss to the environment is recommended by Shamanian and Najafizadeh [6] as shown in Eq. (7). 
 
T0 and T are initial and final temperatures, respectively. T0S is the ambient temperature and  is the elapse time. H and B is the thickness and width of each slab whereas n is the number of stag levels
Acid Dew Point
Acid dew point of the flue gas is an important criterion to consider due to the sulfur content in fuel oil. The correlations to related the acid dew point and the composition of the flue gas have been proposed by many researchers [16] [17] [18] . From the work of ZareNezhad and Almanian [19] , the estimated acid dew point obtained from the Verhoff and Banchero equation [16] has the highest values among the correlations under their interest. The existence of acid in the flue gas originates from the conversion of SO2, produced by the combustion process, to SO3. However, the conversion mechanism from SO2 to SO3 is rather complicated since it depends on many factors such as flue gas temperature, fuel composition and the amount of excess air [20] . A study of Tan et al. [21] shows that the estimated conversion factor of SO2 to SO3 could be as high as 5 percent depending on the fuel. Thus, this study will use the conversion factor of 5 percent to estimate the amount of SO3 in the flue gas. Thus, the acid dew point of the flue gas can be calculated by the Verhoff and Banchero equation as follows:
Tdew is the acid dew point temperature in Kelvin and the partial pressures of H2O and SO2 are in mmHg.
Results and Discussion
The flue gas analysis can be performed by the field data measurement on November 2011. The average flue gas temperature and total pressure after leaving the recuperator is 408.4 o C and 101.2 kPa with the average percent of O2 of 0.988% (wet basis). The mole fractions and the partial pressures of each component of the flue gas calculated from Eqs. (1) to (4) are presented in Table 4 . Table 4 , the acid dew point is estimated to be 157 o C. As a result, the average flue gas temperature after leaving the preheating chamber must be higher than this acid dew point to prevent acid condensation. The increase of the slab temperature and the reduction of the flue gas temperature during the batching period with different capacities per one batch are depicted in Figs. 5 to 8. Note that the increment dx and the time interval dt using for the calculation is set to be 0.01 m and 1 s, respectively. The batch time of these four cases has been described earlier in section 4. At a given time, the slab temperature decreases with increasing value of x whereas the flue gas temperature also decreases with increasing value of x as well. At the flue gas travels along the x-axis, the temperature of the flue gas will drop due to the heat transfer to the slab, causing less temperature difference between the flue gas and the slabs. Therefore, at a higher value of x, the heat transfer rate decreases leading to the reduction of the slab temperature along the x-axis. As time goes by, the slab temperature starts increasing throughout the entire slabs due to the thermal energy storing within the slabs themselves. On the other hand, the flue gas temperature along the x-axis does not drop that much comparing to that at the initial time because heat transfer rate between the slabs and the flue gas decreases with increasing time.
Quantitatively, it is observed from Figs. 5 to 8 that the lowest flue gas temperatures of all four cases are located at the rear of the chamber. The values are estimated to be 366. 7). Consequently, the average temperatures of all slabs in these four cases decrease to 59.52 o C, 75.98 o C, 84.98 o C and 89.46 o C, respectively. It can be seen that in case of a chamber with 36 pieces of slab per one batch, although the slab temperature increase to the highest value, that temperature also decrease the most owing to the longest waiting period.
The benefit of the preheating chamber is to raise the slab temperature above the ambient one before being charged into the reheating furnace. The energy saving can be estimated by the amount of thermal energy used to increase the temperature of the slab from the ambient temperature to the preheating one. With a given steel specific heat of 0.78 kJ/kg-K, the thermal energy carried by the slabs in case of the chamber for the capacities of 9, 18, 27 and 36 pieces of slab per one batch is 732.9 kW, 1,141.4 kW, 1,364.9 kW and 1,476.1 kW, respectively. By considering the Sankey diagram in Fig. 2 , this amount of energy will be deduced from the input thermal energy from the fuel combustion. As a result, the Sankey diagram for these four cases is given in Fig. 9 and Table 4 Fig . 9 . The Sankey diagram for four different cases under consideration. By comparing the case before the implementation and the four cases after the implementation shown in Table 5 , it can be seen that the amount of the waste energy from the flue gas is reduced from 12.33% down to 11.38%, 10.62%, 9.99% and 9.48%, respectively. Thus, the amount of the fuel combustion decreases from 82.24% down to 81.47%, 81.04%, 80.81% and 80.69%. The amount of energy saving is 733 kW, 1,141 kW, 1,365 kW and 1,476 kW which is equivalent to the energy reduction by 0.94%, 1.46%, 1.75% and 1.89%, respectively. If the furnace efficiency is the defined by the ratio between the available heat to the slab and the input heat from the fuel combustion, the furnace efficiency will increase from 69.88% to 70.54%, 70.92%, 71.13% and 71.22%, respectively. However, since the initial cost will increase as the chamber size gets larger. Therefore, the optimization between the energy efficiency improvement and the initial cost of the chamber should be further investigated.
Conclusions
The aim of this research is to perform the energy analysis to the preheating chamber and to investigate the effect of the chamber size on the energy efficiency of the 275-tonne/hr reheating furnace. The heatbalance model of the reheating chamber is formulated and applied to the four different chamber sizes, i.e., the capacities of 9, 18, 27 and 36 pieces of slab per one batch. The flue gas temperature and the slab temperatures before and after the waiting period are determined. The result indicates that the average slab temperatures increase to 66.33 o C, 95.57 o C, 119.45 o C and 139.19 o C and decrease down to decrease to 59.52 o C, 75.98 o C, 84.98 o C and 89.46 o C, respectively, after the waiting period. On the other hand, the lowest flue gas temperatures for these four cases are 366.80 o C, 327.37 o C, 296.58 o C and 267.03 o C, respectively, which are all above the predicted acid dew point. The thermal energy carried by the slabs of the consideration cases is 732.9 kW, 1,141.4 kW, 1,364.9 kW and 1,476.1 kW, respectively. By comparing the Sankey diagram before and after the implementation of the reheating chamber, the fuel energy consumption of the consideration cases is reduced by 0.94%, 1.46%, 1.75% and 1.89%. As a result, the furnace efficiency increases from 69.88% to 70.54%, 70.92%, 71.13% and 71.22%, respectively.
